The ␤-site amyloid precursor protein-cleaving enzyme (BACE1) is the rate-limiting enzyme in the production of amyloid-␤, the toxic peptide that accumulates in the brain of subjects affected by Alzheimer disease. Our previous studies have shown that BACE1 is degraded via the lysosomal pathway and that that depletion of the trafficking molecule Golgi-localized ␥-ear-containing ARF-binding protein 3 (GGA3) results in increased BACE1 levels and activity because of impaired lysosomal degradation. We also determined that GGA3 regulation of BACE1 levels requires its ability to bind ubiquitin. Accordingly, we reported that BACE1 is ubiquitinated at lysine 501 and that lack of ubiquitination at lysine 501 produces BACE1 stabilization. Ubiquitin conjugation is a reversible process mediated by deubiquitinating enzymes. The ubiquitin-specific peptidase 8 (USP8), an endosome-associated deubiquitinating enzyme, regulates the ubiquitination, trafficking, and lysosomal degradation of several plasma membrane proteins. Here, we report that RNAi-mediated depletion of USP8 reduced levels of both ectopically expressed and endogenous BACE1 in H4 human neuroglioma cells. Moreover, USP8 depletion increased BACE1 ubiquitination, promoted BACE1 accumulation in the early endosomes and late endosomes/lysosomes, and decreased levels of BACE1 in the recycling endosomes. We also found that decreased BACE1 protein levels were accompanied by a decrease in BACE1-mediated amyloid precursor protein cleavage and amyloid-␤ levels. Our findings demonstrate that USP8 plays a key role in the trafficking and degradation of BACE1 by deubiquitinating lysine 501. These studies suggest that therapies able to accelerate BACE1 degradation (e.g. by increasing BACE1 ubiquitination) may represent a potential treatment for Alzheimer disease.
Alzheimer disease (AD) 3 is a progressive neurodegenerative disorder characterized by memory impairments and cognitive deterioration. AD is characterized by the cerebral accumulation of amyloid-␤ (A␤), a 4-kDa peptide formed by the serial proteolysis of amyloid precursor protein (APP), by the ␤-and ␥-secretases. The ␤-secretase responsible for APP cleavage has been identified as BACE1, a membrane-tethered aspartyl protease (1) (2) (3) (4) . APP more commonly undergoes non-amyloidogenic processing by ␣-secretases that cleave APP in the middle of the ␤-amyloid domain (5) . Candidate ␣-secretases include ADAM9 (A disintegrin and metalloproteinase domain-containing protein), ADAM10, and ADAM17, also known as tumor necrosis factor-␣ converting enzyme (6, 7) . The ␥-secretase activity requires a set of four proteins, including presenilin 1 and 2, nicastrin, anterior pharynx defective 1 (APH1), and presenilin enhancer 2 (PEN-2) (8) . Presenilins are aspartyl proteases and are the catalytic subunit of the ␥-secretase complex. APP proteolysis by ␤-and ␣-secretases results in the production of secreted APP polypeptides along with membrane-associated APP-C-terminal fragments (APP-CTFs) C99 and C89 (generated by ␤-secretase) and C83 (generated by ␣-secretase). APP-CTFs can then serve as substrates for ␥-secretase resulting in the production of A␤ (C99-C89) or p3 (C83) and the APP intracellular domain (AICD) (9) .
BACE1 is an N-glycosylated type 1 transmembrane protein that undergoes constitutive N-terminal processing in the Golgi apparatus. The ectodomain contains four glycosylation sites and two signature sequences typically associated with aspartyl proteases (D(T/S)G(T/S)) (10) . BACE1 is targeted through the secretory pathway to the plasma membrane where it is internalized to the endosomes and subsequently trafficked back to the cell surface or trans-Golgi network through recycling endosomes or transported to the lysosomes for degradation (11) . Sorting of membrane proteins to the endosomes and lysosomes is regulated by the interaction of signals present in the C-terminal fragment (CTF) with specific trafficking molecules (12) . Our previous studies have shown that BACE1 is degraded via the lysosomal pathway (13) and that depletion of the trafficking molecule Golgi-localized ␥-ear-containing ARF-binding protein 3 (GGA3) results in increased BACE1 levels and activity (14, 15) . We also determined that GGA3 regulation of BACE1 levels requires its ability to bind ubiquitin (Ub). Accordingly, we reported that BACE1 is ubiquitinated at lysine 501 (16) and that lack of ubiquitination at Lys-501 produces BACE1 stabilization (17) .
Ubiquitin, a tag for protein degradation, is covalently attached to the ⑀-amino group of lysine residues in the target protein by a cascade of reactions involving at least three enzymatic activities as follows: E1, E2, and E3 ligases. Originally, ubiquitination was thought to solely tag proteins for proteasomal degradation. However, it is now well established that ubiquitin is a sorting signal for membrane proteins at the transGolgi network, plasma membrane, and endosomes to be delivered to lysosomes (18) . The specificity and outcomes of ubiquitin signaling depend on the number of ubiquitin molecules (mono-or poly-ubiquitination) and the type of poly-ubiquitin chain attached to the substrate (19) . Elongation of polyUb chains can occur at any of the seven lysines present in ubiquitin. Lys-48-linked ubiquitination mainly targets proteins for proteasomal degradation. In contrast, increasing evidence suggests that Lys-63-linked Ub chains are a specific signal for protein sorting into the multivesicular body (MVB) pathway (20) . Accordingly, we have determined that BACE1 is mainly monoand Lys-63-linked poly-ubiquitinated, suggesting a role for ubiquitination in sorting BACE1 to the lysosomes for degradation (17) .
Ubiquitin conjugation is a reversible process mediated by deubiquitinating enzymes (DUBs). The human genome encodes ϳ95 putative DUBs. These DUBs are either zinc-dependent metalloproteases or cysteine proteases (21) . Ubiquitin-specific peptidase 8 (USP8) is a member of the DUB family of cysteine proteases that is expressed throughout the brain. Its highest expression is in the CA1 and dentate gyrus of the hippocampus, as well as the preoptic nucleus and the paraventricular nucleus in the diencephalon (22) . Within the cell, USP8 has been found in the cytoplasm and at the endosome (23) (24) (25) . USP8 degrades Lys-48-, Lys-63-, and Lys-6-linked ubiquitin chains (26, 27) . USP8 has been shown to negatively regulate the ubiquitination of lysosome-degraded proteins, including the epidermal growth factor receptor (EGFR) (23, 28, 29) ; tropomyosin-related kinase A (TRKA) (25) ; AMPA receptor (30); vascular endothelial growth factor receptor 2 (VEGFR2) (31); leucine-rich repeats and immunoglobulin-like domains 1 (LRIG1) (32) ; potassium intermediate/small conductance calcium-activated channel, subfamily N, member 4 (KCA3.1) (33); proteaseactivated receptor 2 (PAR2) (34); and ␦-opioid receptor (35) .
The effect of USP8 on EGFR has been widely studied. Although some investigators have noted an increase in total cellular EGFR when USP8 is depleted (24, 28) , others have determined that USP8 depletion leads to an increase in EGFR lysosomal degradation, accompanied by a decrease in EGFR protein levels in both cellular and mouse conditional knock-out models (23, 36, 37) . USP8 has a role not only in protein degradation but also in protein trafficking. It has been shown that USP8 binds to the Src homology 3 domain of signal transducing adaptor molecule (STAM) (38) and stabilizes it (24) . STAM is a component of the ESCRT0 complex. The ESCRT complexes are important components of the endosomal-lysosomal machinery. Ubiquitinated cargoes are passed sequentially from ESCRT0 to ESCRT-I to ESCRT-II and then finally deposited into the forming luminal vesicles (18) . ESCRT0, comprising HRS (hepatocyte growth factor-regulated tyrosine kinase substrate) and STAM, aids in the docking of ubiquitinated proteins to the endosomes (40) . As USP8 stabilizes STAM, USP8 may play a role in facilitating the passage of molecules destined for degradation along the endosome-lysosome degradation pathway. Notably, USP8 depletion or overexpression of catalytically inactive USP8 leads to the accumulation of ubiquitinated proteins in the endosomes (24, 34, 36, 41) .
Here, we report that RNAi-mediated knockdown of USP8 results in a decrease in BACE1 protein levels because of increased BACE1 ubiquitination and degradation in human H4 neuroglioma cells. As a consequence, BACE1-mediated APP cleavage and amyloid-␤ formation are also decreased in USP8-depleted cells. Our findings suggest that therapies able to accelerate BACE1 degradation (e.g. by increasing BACE1 ubiquitination) may represent a potential treatment for AD.
Results

USP8 Depletion Decreases BACE1-GFP but Not ADAM10
and Presenilin 1 Protein Levels-Depletion of USP8 has been shown to decrease protein levels of USP8 substrates, as a result of increased substrate ubiquitination and degradation (23, 36) . To determine whether USP8 depletion resulted in a decrease in BACE1, we performed siRNA-mediated knockdown of USP8, using two different siRNAs targeting USP8 in an H4 neuroglioma cell line overexpressing BACE1-GFP (H4-BACE1-GFP). Treatment of cells with USP8 siRNA#3 and USP8 siRNA#2 resulted in an 87 Ϯ 7 and 85 Ϯ 5% reduction of USP8 protein levels, respectively, compared with NT siRNA-treated cells (mean Ϯ S.E., p Ͻ 0.0001; one-way ANOVA, and Tukey's multiple comparison test, n ϭ 3 independent experiments). Knockdown with each siRNA resulted in an independent decrease in BACE1-GFP protein in H4-BACE1-GFP cells (p ϭ Ͻ0.05; oneway ANOVA and Tukey's multiple comparison test, n ϭ 4 independent experiments) (Fig. 1, A and B) . Furthermore, to determine whether this protein decrease was specific for BACE1, we examined the protein levels of two other proteins important in APP processing, ADAM10, the prevalent ␣-secretase of APP, and presenilin 1 (PS1), the catalytic subunit of the ␥-secretase complex. USP8 depletion did not result in any change in ADAM10 or PS1 protein levels (Fig. 1, C-E) (the p value Ͼ0.05 indicates that the difference is not significant; one-way ANOVA and Tukey's multiple comparison test, n ϭ 3 independent experiments). The decrease in BACE1 protein but not ADAM10 or PS1 indicated that the effect of USP8 depletion is specific to BACE1 and not to other enzymes that also cleave APP.
USP8 Depletion Decreases Endogenous BACE1 Protein Levels-Next, we determined whether USP8 depletion resulted in a similar decrease in endogenous BACE1. USP8 was knocked down in H4 cells, which express endogenous levels of BACE1. Initial trials using a concentration of 25 nM siRNA with this cell line resulted in toxicity. Thus, the siRNA concentration was reduced to 5 nM, and treatment time was reduced to 48 h rather than 96 h. Western blotting analysis of lysates obtained from USP8-depleted or NT siRNA-treated cells revealed a decrease in USP8 accompanied by a decrease in endogenous BACE1 (p ϭ 0.0001; unpaired t test with Welch's correction; n ϭ 4 independent experiments) (Fig. 2, A and B) . This demonstrated that USP8 depletion resulted in a decrease in endogenous BACE1, similar to the observed decrease in BACE1-GFP.
Inhibition of Lysosomal Degradation Rescues USP8-dependent BACE1 Protein Decrease-As BACE1 is degraded in the lysosomes, we hypothesized that the decrease in BACE1 protein levels observed with USP8 depletion was due to increased degradation of BACE1 in the lysosomes. To determine whether lysosomal degradation was a possible mechanism for the decrease in BACE1 protein levels in USP8-depleted cells, we treated USP8-depleted and NT siRNA-transfected cells with chloroquine, a weak base, which inhibits lysosomal hydrolases. Chloroquine treatment resulted in an accumulation of BACE1-GFP in both USP8 and NT siRNA-treated samples (Fig. 3, A and  B) . Thus, lysosomal inhibition rescued the decrease of BACE1-GFP protein levels in USP8-depleted cells, indicating that USP8 regulates lysosomal degradation of BACE1.
USP8 Deubiquitinates BACE1 at Lysine 501-Depletion of USP8 results in an increase in the ubiquitination of its substrates (23, 24, 30 -32, 36 ). Thus, we tested whether USP8 depletion would result in increased BACE1 ubiquitination. BACE1-GFP was immunoprecipitated with anti-GFP antibody in lysates of cells treated with either USP8 or NT siRNA for 96 h. Western blotting analysis of immunoprecipitated BACE1-GFP using anti-Ub antibody revealed that BACE1-GFP was significantly more ubiquitinated in USP8-depleted than control samples (Fig. 4, A and B) (p ϭ 0.0003; unpaired t test with Welch's correction; n ϭ 4 independent experiments). We have previously shown that BACE1 is ubiquitinated at Lys-501 and that the K501R mutation prevents BACE1 ubiquitination (16, 17) . Thus, we tested whether USP8 deubiquinates BACE1 at Lys-501 by depleting USP8 in the H4-BACE1-K501R cell line. BACE1-GFP was immunoprecipitated from cell lysates using anti-GFP antibody. Western blotting analysis of immunoprecipitates with anti-Ub antibody revealed that BACE1-K501R GFP had negligible levels of ubiquitination. Furthermore, depletion of USP8 did not lead to the large increases in ubiquitination, observed in wild-type BACE1-GFP (Fig. 4A ). These data indicate that USP8 is responsible for deubiquitinating BACE1 at Lys-501. However, indirect effects of USP8 could not be ruled out as the experiment was carried out in cells.
Thus, to determine whether USP8 directly deubiquitinated BACE1, a cell-free reaction was prepared. BACE1-GFP was immunoprecipitated with anti-GFP antibody from USP8-depleted samples, where BACE1-GFP was highly ubiquitinated.
Immunoprecipitates immobilized on protein A/G plus-agarose beads were mixed with human recombinant FLAG-USP8 and incubated at 37°C for 120 min. Furthermore, 5 mM NEM, a cysteine protease inhibitor, known to inhibit DUBs, was included as an experimental negative control in some samples. In this cell-free reaction, samples containing recombinant FLAG-USP8 had very low levels of ubiquitination after 120 min, compared with samples where no recombinant USP8 was included. Furthermore, addition of NEM with recombinant FLAG-USP8 inhibited the decrease in ubiquitination (Fig. 4C ). These data indicate that USP8 directly deubiquitinates BACE1.
USP8 Depletion Results in BACE1 Accumulation in Early Endosomes and Lysosomes and Reduction in Recycling
Endosomes-Lysine 63-linked polyubiquitination is a known signal for protein trafficking to the lysosomes. We have previously reported that BACE1 is degraded by the lysosomes and that it is lysine 63-linked polyubiquitinated (16, 17) . As USP8 depletion resulted in an increase in BACE1 ubiquitination, we hypothesized that there would be a resultant increase in BACE1 trafficking to the endosomes and then to the lysosomes for degradation. Subcellular localization of BACE1-GFP was assessed in H4-BACE1-GFP cells 96 h post-transfection of USP8 or NT siRNA. To identify the different subcellular compartments, cells were immunostained with markers for early endosomes (EEA1), late endosomes/lysosomes (LAMP2), and recycling endosomes (RAB11). Confocal microscopy showed that BACE1-GFP percentage intensity was increased in EEA1-positive regions and in USP8-depleted compared with NT siRNA-treated cells (p ϭ 0.0025, unpaired t test with Welch's correction) (Fig. 5, A and B) . We also found an increase in the percentage intensity of BACE1-GFP in LAMP2-positive regions (p Ͻ 0.0001, unpaired t test with Welch's correction) (Fig. 5 , C and D) in USP8-depleted cells. In contrast, we found a decrease in the percentage intensity of BACE1-GPF in RAB11-positive regions, when USP8 was depleted (p ϭ 0.0057, unpaired t test with Welch's correction) (Fig. 5, E and F) . These data suggest that USP8 regulates the trafficking of BACE1 after its internalization by favoring the recycling of BACE1, while negatively regulating its lysosomal degradation.
We also noted a 1.8-fold increase in the size of BACE1-positive puncta (p Ͻ 0.0001, unpaired t test with Welch's correction). Moreover, the size of EEA1-labeled endosomes and RAB11-positive recycling endosomes was increased by 1.5-and 1.8-fold, respectively (p Ͻ 0.0001, unpaired t test with Welch's correction). In contrast, there was no change in the size of the LAMP2-positive lysosomes (p ϭ 0.068, unpaired t test with Welch's correction) (Fig. 5G) . Our findings are in agreement with previous reports showing that depletion of USP8 or overexpression of a dominant negative USP8 mutant causes the accumulation of ubiquitinated proteins within endosomes and a corresponding increase in endosome size (24, 31, 34, 36, 41, 42) .
USP8 Knockdown Decreases APP-C99 and C89 Generation in H4-BACE1-GFP Cells-As USP8 depletion resulted in a decrease in BACE1 protein levels, we next determined whether there would be an accompanying decrease in BACE1-mediated A.
B. APP processing. BACE1 cleaves APP at two sites forming APP-C99 and -C89, whereas ␣-secretase generates APP-C83. These C-terminal fragments (CTF) may exist in non-phosphorylated and phosphorylated forms. Accordingly, five APP-CTFs may be resolved on Western blotting, corresponding to APP-CTFs pC99, C99, pC89, C89 ϩ pC83, and C83 in H4 cells (Fig. 6A) . However, three bands corresponding to pC99, pC89, C89 ϩ pC83 were the most apparent in H4-BACE-GFP cell lysates because of increased ␤-secretase processing and were hence quantified (Fig. 6A) .
BACE1-GFP/ GAPDH
Lysates from H4-BACE1-GFP cells treated with USP8 and NT siRNA were separated by SDS-PAGE using 16.5% Tris-Tricine gels (Bio-Rad) and incubated with C1/6.1 antibodies (Biolegend) to detect full-length APP and APP CTFs. USP8 depletion increased the amount of full-length APP (Fig. 6, B and C) , which is consistent with decreased BACE1 processing. Furthermore, USP8 depletion decreased the ratio of pC99/APP and pC89/APP (Fig. 6, D and E) . However, the ratio of C89 ϩ pC83 to APP remained unchanged (Fig. 6F ) (p Ͻ 0.05; unpaired t test with Welch's correction, n ϭ 6 independent experiments). Given that pC99 and pC89 are products of BACE1-mediated APP cleavage, decreased protein levels of these APP-CTFs suggested a decrease in ␤-secretase processing of APP.
USP8 Depletion Decreases APP-C99 and C89 Generation in H4 Cells but Not APP-CTF Degradation-Because USP8 depletion resulted in a decrease in products of BACE1-mediated APP processing in H4-BACE1-GFP cells, we sought to determine whether a similar effect could be observed in H4 cells, with endogenous levels of BACE1. Lysates from H4 cells treated with USP8 and NT siRNA were separated by SDS-PAGE using 16.5% Tris-Tricine gels and incubated with C1/6.1 antibody (Biolegend) to detect full-length APP and APP CTFs. Like in H4-BACE1-GFP cells, USP8 depletion led to a slight increase in the amount of full-length APP (Fig. 7, A and B) . Furthermore, USP8 depletion decreased the ratio of pC99/APP, C99/APP, pC89/APP, and C89 ϩ pC83/APP (Fig. 7, C-F) . However, the C83/APP ratio remained unchanged (Fig. 7G ) (p Ͻ 0.05; unpaired t test with Welch's correction, n ϭ 3-4 independent experiments). These results demonstrated that the decrease in endogenous BACE1 with USP8 depletion (Fig. 2, A and B) was sufficient to decrease BACE1-mediated APP processing. Decreased protein levels of these APP-CTFs suggested a decrease in ␤-secretase processing of APP, because pC99, C99, and pC89 are products of BACE1-mediated APP cleavage.
APP-CTFs are ubiquitinated and degraded in the lysosomes (43); thus, a decrease in pC99, C99, and pC89 may also have arisen from increased APP-CTF degradation in a BACE1-independent manner. Thus, H4 cells overexpressing APP-C99 were transfected with either USP8 or NT siRNA. Western blotting analysis revealed that USP8 depletion did not alter the levels of overexpressed C99 (p ϭ 0.4561; unpaired t test with Welch's correction; n ϭ 3 independent experiments), indicating that USP8 depletion did not decrease APP-CTFs degradation in a BACE1-independent manner (Fig. 7, H and I) . Altogether, these data indicate that the decrease in BACE1 observed with USP8 depletion leads to a decrease in BACE1-mediated APP processing. USP8 Knockdown Decreases AICD Levels-␥-Secretase cleavage of APP-CTFs results in the production of A␤ (C99-C89) or p3 (C83) and AICD (9) . It has been previously reported that NEM treatment of cultured cells stabilizes AICD (44) . Given that NEM inhibits USP8 in a cell-free assay (Fig. 4) , we sought to determine whether USP8 depletion affected the stability of AICD. Endogenous levels of AICD in H4 cell lysates are low and difficult to detect, and thus we overexpressed APP-C60 (45) 
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The APP-C60 plasmid expresses a protein containing the terminal 59 amino acid residues of APP, along with an initiating methionine residue. This sequence corresponds to the portion of the APP-CTF that occurs after the ␥-secretase cleavage site at position 40 within A␤ (45) . Overexpressing C60 allowed the effect of USP8 depletion on AICD levels to be measured independently of the changes in APP-CTF levels. USP8 depletion resulted in decreased C60 protein levels (p ϭ 0.0187; unpaired t test with Welch's correction; n ϭ 3 independent experiments), suggesting that USP8 may play a role in stabilizing the AICD (Fig. 8) . These data also indicate that NEM stabilizes AICD by inhibiting proteases other than USP8.
USP8 Depletion Decreases A␤ Production in H4 Cells-As there was a decrease in the ratio of pC99 and pC89 to full-length APP, we hypothesized that there would be a decrease in the level of A␤ production with USP8 depletion. A␤(1-40) content was measured in conditioned media from H4-BACE1-GFP cells treated with USP8 or NT siRNA. However, depletion of USP8 did not result in a decrease of A␤ in this cell line (data not shown). Given that the overexpression of BACE1 has 
C.
D.
E. F. FIGURE 6. USP8 depletion decreases APP-C99 and -C89 generation in H4-BACE-GFP cells. USP8 knockdown decreases the ratio of pC99 and pC89 but not C89 ϩ pC83 to full-length APP. A, representative Western blot showing prominent APP-CTF bands in untreated cell lysates. B, lysates from H4-BACE-GFP cells were separated by SDS-PAGE using 16.5% Tris-Tricine gels and incubated with C1/6.1 antibodies to label full-length APP and APP-C-terminal fragments. Representative Western blot. C, quantification of full-length APP normalized to GAPDH; *, p ϭ 0.0199. D, ratio of pC99 to APP; *, p ϭ 0.0255. E, ratio of pC89 to APP; *, p ϭ 0.0005; F, ratio of C89 ϩ pC83 to APP; p ϭ 0.602. Graphs show mean and S.E.; n ϭ 6 independent experiments; unpaired t test with Welch's correction. NT, non-targeting.
been shown to promote APP processing at the ␤Ј-site resulting in the increased production of ϩ11 A␤ species (4, 46, 47) , it is possible that in H4-BACE1-GFP cells the decrease in BACE1 results in a reduction of ϩ11A␤, which is not detected by the ELISA. Accordingly, the levels of pC89 are decreased to a greater extent than pC99 in H4-BACE1-GFP cells depleted of UPS8 (Fig. 6, B, D and E) .
Thus, we determined whether a decrease in BACE1 protein levels resulted in a decrease in A␤ formation in H4 cells expressing endogenous BACE1. We measured A␤(1-40) content in conditioned media from H4 cells treated with USP8 or NT siRNA and found that there was a statistically significant decrease (p ϭ 0.002) in A␤(1-40) production with USP8 depletion (Fig. 9) . These data indicate that a decrease in BACE1 protein levels observed in USP8-depleted cells results in a corresponding decrease in A␤ formation.
Discussion
Previous investigators have shown that USP8 depletion leads to increased turnover of EGFR, a lysosome-degraded protein (23, 36, 37) . We sought to determine whether USP8 depletion would lead to a similar decrease in BACE1 protein levels and a subsequent decrease in A␤ formation.
In our investigations, we found that USP8 depletion decreased levels of ectopically expressed BACE1-GFP, as well as endogenous BACE1 in H4 cells. USP8 depletion, however, did not affect ADAM10 and PS1 protein levels. This showed that USP8 depletion affected BACE1 but not other APP-cleaving proteins.
Given that BACE1-GFP cDNA transcription is regulated by the CMV promoter, the observed decrease in BACE1-GFP protein levels was unlikely due to changes in transcription or translation. Thus, we hypothesized that increased lysosomal degradation was likely responsible for decreased BACE1 protein levels in cells depleted of USP8. Accordingly, we found that treatment of USP8-depleted cells with chloroquine, a lysosomal inhibitor, prevented BACE1 protein decrease. Furthermore, chloroquine treatment resulted in a similar accumulation of BACE1-GFP in both USP8-treated and NT-treated samples, demonstrating that lysosomal function is preserved when USP8 is depleted.
We hypothesized that an increase in BACE1 ubiquitination followed by increased lysosomal degradation was the mechanism for the BACE1 protein decrease. Accordingly, we found that USP8 depletion increased BACE1 ubiquitination at Lys-501. Moreover, we determined that USP8 directly deubiquitinated BACE1 in an in vitro cell-free assay. Together, these data showed that BACE1 is a direct substrate of USP8 deubiquitination, ruling out the possibility that USP8 was influencing BACE1 ubiquitination and protein levels indirectly, e.g. by deubiquitinating other DUBs and/or ubiquitin ligases. Currently, it is unknown whether USP8 deubiquitinates any other DUBs. However USP8 has been shown to deubiquitinate three E3 ligases, NRDP1 (48, 49) , GRAIL (50) , and Parkin (27) . Furthermore, USP8 depletion is known to result in decreased STAM and HRS protein levels (24, 36) . These two components of ESCRT0 are important for functional recruitment of ubiquitinated proteins to endosomes and for lysosomal degradation. However, an indirect effect of USP8 through these proteins is less likely, as it would lead to a decrease in BACE1 degradation and a resultant BACE1 accumulation, rather than the observed BACE1 protein decrease. Given that GGA3 is able to bind ubiquitinated cargoes and transfer them to the tumor susceptibility gene (TSG101), a ubiquitin-binding subunit of ESCRT complex I (51-54), functioning like HRS, it is possible that BACE1 is trafficked to the lysosomes by GGA3 even when levels of STAM are decreased in USP8-depleted cells.
Previous investigators have shown that USP8 depletion results in the accumulation of ubiquitinated proteins in the endosomes (24, 36, 41) . We hypothesized that the decrease in BACE1 protein levels was a result of increased trafficking of BACE1 to the lysosomes and reduction of BACE1 in recycling endosomes, the intracellular site where BACE1 meets and processes APP (55) (56) (57) . We found that USP8 depletion increased BACE1 localization in the early endosomes and the lysosomes, while decreasing BACE1 contained in the recycling endosomes. Furthermore, there was an increase in early and recycling endosome puncta size, although there was no change in lysosome size. Depletion of USP8 or overexpression of a dominant negative USP8 mutant has been shown to cause the accumulation of proteins within early endosomes and increase early endosome and MVB diameter. Furthermore, clustering of endosomes, facilitated by the formation of electron dense regions between endosomes, has been observed by electron microscopy (24, 41) . These abnormalities have been attributed to numerous causes. First, it has been attributed to the accumulation of ubiquitinated proteins within endosomes (24, 34, 36, 41) . Second, it has been attributed to the dysfunction of the endosomes due to loss of endosomal proteins like STAM and HRS (23, 36) . Third, it has been suggested that USP8 is necessary for the promotion of lysosomal degradation, namely the need of USP8 to deubiquitinate proteins before they are finally transferred to the lysosomes (32). In our experiments, it is likely that there is an increased amount of ubiquitinated proteins within the early A. . USP8 depletion decreases amyloid-␤ production in H4 cell line. Conditioned media was collected from H4 Naive cells treated with USP8 or NT siRNA. A␤(1-40) in conditioned media was measured using ELISA kit. A␤ concentration (picograms/ml) was normalized to the protein concentration of cell lysates from the corresponding well (micrograms/l). USP8 depletion reduced the amount of A␤ in conditioned media collected for H4 naive cells. Graph shows mean and S.E., n ϭ 8 -9 samples per condition from three independent experiments; *, p ϭ 0.002, linear mixed model. NT, non-targeting.
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endosomes. However, it is unlikely that there is a complete inhibition of protein transfer to the lysosomes, as the decrease in BACE1 protein suggests that there is successful protein degradation. BACE1 is the rate-limiting enzyme in A␤ production. Because USP8 depletion resulted in a decrease in BACE1 protein levels, we expected a decrease in BACE1-mediated APP cleavage and also a decrease in A␤ formation. As expected, we found that USP8 depletion was accompanied by a decrease in the ratio of pC99 and pC89 to APP in H4-BACE1-GFP cells. pC99 and pC89 are phosphorylated forms of C99 and C89, direct products of BACE1-APP cleavage. Furthermore, USP8 depletion led to the decrease in pC99/APP, C99/APP, and pC89/APP in H4 cells, which did not overexpress BACE1. This demonstrated that the decrease in endogenous BACE1 after USP8 depletion was sufficient to decrease BACE1-mediated APP processing and that the effect was not limited to cells that overexpressed BACE1. Moreover, the decrease in BACE1-generated APP-CTF levels was likely due to a decrease in APP-CTF formation rather than a result of increased APP-CTF degradation, as USP8 depletion did not increase the degradation of overexpressed C99. This was important as APP CTFs can be ubiquitinated and are degraded in the lysosomes (43, 58) . Furthermore, USP8 depletion decreased A␤(1-40) production in H4 cells. This was consistent with the decrease in pC99 and C99 observed after USP8 depletion.
We also showed that USP8 depletion decreases ectopically expressed AICD protein levels, independent of decreases in APP-CTFs. Although AICD is known to be rapidly degraded in the cytoplasm (44) , there is evidence to suggest that AICD may also be degraded in lysosomes, as drugs that prevent acidification of endosomes and lysosomes stabilize AICD levels (59) . Furthermore, AICD is present in exosomes, which are derived from the intraluminal vesicles of MVBs or late endosomes, suggesting that AICD may be present within the endosome-lysosome system (60) . The effect of USP8 depletion on C60 may be direct or indirect. The C60 sequence contains multiple lysine groups (61) , which may be potential sites of ubiquitination. Moreover, the stability of AICD may be affected by changes in the stability of its binding partners. For example, the AICD is stabilized by binding to Fe65, an APP-binding adaptor protein (45) . Fe65, a proteasomal degraded protein, is Lys-63 ubiquitinated (62, 63) . Fe65 ubiquitination may be increased under conditions of USP8 depletion, as USP8 deubiquitinates Lys-63 chains. A resultant Fe65 decrease would account for a loss of AICD stability under conditions of USP8 depletion.
In summary, we found that depletion of USP8 decreases BACE1 protein levels by increasing BACE1 ubiquitination, decreasing the recycling of BACE1 while increasing its trafficking to the early endosome and lysosomes. As a consequence, BACE1-mediated APP processing and A␤ formation are decreased in USP8-depleted cells due not only to the decreased levels of BACE1 but also to reduced localization of BACE1 in the recycling endosomes where BACE1 meets and processes APP. Although the ubiquitin ligases involved in BACE1 ubiquitination at Lys-501 remain to be identified, our studies have identified USP8 as the DUB that directly deubiquinates BACE1 at Lys-501. Overexpression of ubiquitin C-terminal hydrolase L1 (UCHL1) has been shown to decrease BACE1 protein levels, APP levels, and A␤ formation, whereas genetic and pharmacological inhibition of UCHL1 have been associated with an increase in BACE1 (64) , most likely via activation of the NFB pathway (64, 65) . However, it has not been demonstrated whether the effect of UCHL1 is direct or indirect or whether its effect is due to its activity as a deubiquitinating enzyme or as a ligase, as it is believed to have dual roles (66) .
BACE1 is a primary drug target for AD therapy. Phase II/III trials are currently ongoing for selective active site inhibitors of BACE1 (67) . Although these drugs show initial promise for the treatment of AD, it remains unclear whether they will remain viable in future trials. As such, researching alternative methods of BACE1 inhibition remains highly important. An alternative approach to BACE1 small molecule inhibitors is the indirect inhibition of BACE1 through the modulation of regulatory mechanisms that control BACE1 levels or BACE1 trafficking to acidic compartments where it is optimally active. Thus, DUBs that when depleted result in a decrease in BACE1 represent an attractive pharmacological target for BACE1 inhibition. Several small molecule inhibitors for specific DUBs and screens to find such inhibitors have recently been developed (68 -70) . Our studies indicate that depletion of USP8 leads to decreased levels and activity of BACE1 and suggest that therapies able to accelerate BACE1 degradation (e.g. by increasing BACE1 ubiquitination) may represent a potential treatment for AD. The results of our studies aid not only our understanding of BACE1 degradation but also provide an alternative mechanism by which BACE1 and its product, A␤, could be reduced.
Experimental Procedures
Antibodies and Expression Vectors-Antibodies used include the following: anti-GFP (Molecular Probes); anti-BACE1 (clone D10E5) (Cell Signaling); anti-GAPDH (Millipore); anti-USP8 (Cell Signaling); anti-FLAG (Sigma); anti-ADAM10 (Millipore); anti-ubiquitin (clone P4D1) (Santa Cruz Biotechnology); anti-PS1-N-terminal fragment (AB14), kindly provided by Dr. Samuel E. Gandy, Mount Sinai Hospital, New York; anti-LAMP2 (BD Biosciences); anti-EEA1 (BD Biosciences); anti-RAB11 (Cell Signaling); anti-APP-C-terminal fragment (clone C1/6.1) (Biolegend); and anti-␤ amyloid 1-16 (clone 6E10) (Biolegend). The BACE1-GFP expression vector was a gift from Dr. Tae Wan Kim, Columbia University, New York (71). The APP-C99 expression vector was a gift from Dr. Stefan Lichtenthaler, Technical University of Munich (TUM) School of Medicine, Munich, Germany (39) . The APP-C60 plasmid was a gift from Dr. Dennis Selkoe, Brigham and Women's Hospital, Boston (45) .
Site-directed Mutagenesis, BACE1-K501R-GFP Mutant-BACE1-GFP expression vector was subjected to site-directed mutagenesis using the QuikChange II site-directed mutagenesis kit (Agilent) according to the manufacturer's instructions. The mutation was introduced with the following primer (primer, 5Ј-GACATCTCCCTGCTGAGAAAGGGCAATTC-TGCAG-3Ј) (along with reverse complement primer). Mutagenesis was confirmed by DNA sequencing.
(P4D1, Santa Cruz Biotechnology) was used to detect ubiquitinated BACE1.
Cell-free BACE1 Deubiquitination Assay-Ubiquitinated BACE1-GFP was immunoprecipitated with anti-GFP antibody and protein A/G plus-agarose beads from USP8-depleted samples, as described above. Beads were washed twice with TBST and once with DUB reaction buffer (50 mM Tris, pH 7.4, 1 mM DTT, 0.5 mM EDTA). Beads were split into three equal parts, combined with 0.5 M human recombinant FLAG-USP8 (BPS Bioscience) in 50 l of DUB reaction buffer and incubated at 37°C for 120 min with shaking. 5 mM (NEM), a cysteine protease inhibitor that inhibits DUBs, was included in some reactions. Reaction was stopped by adding 4ϫ sample buffer, 3% ␤-mercaptoethanol, and incubation at 95°C for 10 min. Samples were separated by SDS-PAGE, and BACE1 ubiquitination levels were evaluated using Western blotting.
Immunocytochemistry-H4 BACE1-GFP cells were transfected with USP8 siRNA or non-targeting siRNA. 96 h posttransfection, cells were washed with DPBS and fixed with 4% formaldehyde in DPBS for 15 min at room temperature. Coverslips were washed twice with 0.1 M glycine in DPBS and then cells were permeabilized with 0.1% Triton X-100 in DPBS for 5 min. Coverslips were blocked with 5% BSA in DPBS and incubated overnight at 4°C with primary antibody. Late endosomes/lysosomes and early endosomes were labeled with monoclonal antibodies against LAMP2 (1:800; BD Biosciences) and EEA1 (1:800; BD Biosciences), respectively. Recycling endosomes were labeled with antibodies against RAB11 (1:400; Cell Signaling). Coverslips were incubated in secondary antibody, goat anti-mouse, or anti-rabbit Alexa Fluor 568 (Molecular Probes; 1:500) for 1 h at room temperature. Coverslips were incubated in DAPI dilactate (1:10,000) for 5 min. Coverslips were mounted onto slides using Fluoromount-G (Southern Biotech). Images were acquired with a Nikon Eclipse Ti inverted microscope, equipped with a Nikon A1Rϩ confocal system, and a Nikon Plan Apo VC 60ϫ oil/1.4 numerical aperture objective (1024 ϫ 1024 resolution). Images were acquired using NIS Elements software (Nikon). Z-stack projections thorough cells were acquired taking 0.5 M steps. Images were analyzed using a custom macro on ImageJ. Briefly, the sum of the slices was generated. Background subtraction (rolling ball radius ϭ 20), median filter (radius ϭ 1), and triangle threshold were applied to images with BACE1, EEA1, RAB11, and LAMP2 labeling to delineate regions positive for labeling. Percentage of BACE1 in the early endosome was determined by finding the quotient of the total GFP intensity in EEA1-positive regions and the total GFP intensity within the cell. Percentage of BACE1-GFP in lysosomes and recycling endosomes was calculated in a similar manner using LAMP2-positive and RAB11-positive regions, respectively.
Amyloid-␤ ELISA-Conditioned media were collected from H4-BACE1-GFP and H4 cells treated with USP8 or NT siRNA. 72 h post-transfection (H4-BACE1-GFP) or 24 h post-transfection (H4 Naive), media were removed and replaced with 0.8 ml of fresh media. 24 h later, the media were collected. Media were centrifuged immediately after collection for 10 min at 10,000 ϫ g to remove cellular debris. Cells were also harvested for Western blotting analysis. A␤(1-40) was measured using a human amyloid-␤(1-40) ELISA kit (ThermoFisher Scientific). A␤ concentration in media (picograms/ml) was normalized to the protein concentration of cell lysates from the corresponding well (micrograms/l).
Statistical Analysis-Statistical analysis was performed using Prism 6 (GraphPad software). The means of samples were compared using either one-way analysis of variance or the unpaired t test with Welch's correction. Values were expressed as mean and standard error of the mean. The ␣ level was set as 0.05. ELISA data were analyzed using IBM SPSS, version 22 (IBM). Samples were compared using a linear mixed effect model, where the fixed effect was siRNA treatment (USP8 or NT), and the random effect was each independent experiment. Sample size (n) was each individual sample.
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